As musculoskeletal diseases become an emerging healthcare problem worldwide, profound and comprehensive research has been focused on the biochemistry of bone metabolism in the past decades. Wnt signalling, one of the novel described pathways influencing bone metabolism from the early stages of tissue development, has been recently in the centre of attention. Several Wnt ligands are implied in bone forming pathways via canonical (β-catenin dependent) and non-canonical (β-catenin independent) signalling. Osteoporosis, a catabolic bone disease, has its pathologic background related, inter alia, to alterations in the Wnt signalling, thus key modulators of these pathways became one of the most promising targets in the treatment of osteoporosis. Antibodies inhibiting the activity of endogenous Wnt pathway inhibitors (sclerostin, dickkopf) are recently under clinical trials. The current article offers a brief review of the Wnt signalling pathways, its implication in bone metabolism and fate, and the therapeutic possibilities of osteoporosis through Wnt signalling.
Introduction
Osteoporosis is characterised by a loss in both bone mass and resistance, as a result of a disruption between bone mineral mass and perturbation of its microarchitecture, emerging in pronounced bone fragility. The pathophysiology of osteoporosis has a complex and multifactorial aetiological background, skeletal fragility having its origin from an inappropriate skeletal development or pronounced bone resorption as a result of microarchitecture deterioration, or inadequate remodelling after resorption [1, 2] . Musculoskeletal diseases represent one of the leading global economic burdens, affecting more than five million people in Europe and hundreds of millions worldwide, mainly postmenopausal women [3] .
Although Wnt signalling is a cellular mechanism known only since a few decades, yet, the Wnt related processes are highly conserved universal pathways, dating from the appearance of the first metazoan species, around 650 million years ago, in the Precambrian Era [4] . Structurally, the Wnt ligands are hydrophobic glycoproteins, comprising of approximately 350 amino acids, with 23-25 cysteine residues, providing the possibility to form intra-, or inter-molecular disulphide bonds [5, 6] . Currently, three important Wnt signalling pathways are described, in the mechanisms of which several Wnt ligands, receptors, modulators and effectors are implied.
Hereby we present a short overview of the Wnt pathways, regulations, antagonists and therapeutic possibilities for osteoporosis targeting Wnt signalling-related molecules.
The Wnt/ β-catenin pathway β-catenin (cadherin-associated protein, beta) plays a cardinal role in the Wnt signalling pathway and cellular mechanisms. In the "OFF" state of the canonical (Wnt/β-catenin) signalling the effector molecule is phosphorylated by a hetero-tetramer destruction complex, under the action of adenomatous polyposis coli (APC), axin, glycogen synthase kinase 3-beta (GSK-3β) and casein-kinase I-alpha (CK-Iα). The phosphorylation of β-catenin is realized on four different hydroxyl amino acid sites: at Ser 33 , Ser 37 , Thr 41 by GSK-3β and in position Ser 45 by CK-Iα. This way, the protein becomes a target for ubiquitination and a subsequent degradation inside a proteasome [7] [8] [9] .
In the presence of Wnt ligands, Frizzled (Fz) and Lipoprotein receptor related protein (LRP) 5 or 6 receptors are stimulated and undergo hetero-dimerization. Fz are large receptors, comprised of seven transmembrane sites and a cysteine rich domain (CRD), which provides a docking site for the Wnt ligands. This interaction results in a subsequent phosphorylation of the LRP receptors, which in turn represents an adherence site for axin via dishevelled protein (Dsv). The phosphorylation process takes place simultaneously for both LRPs (by CK-Iγ and GSK-3β), and Dsv (by CK-Iε, CK-II). These conformational transformations also lead to an over-expressed activity of Dsv on the GBP/ FRAT complex (GSK-3β binding protein) and antagonize the effect of the enzyme. Thus, the destruction complex undergoes modifications which lead to its disintegration. As a result, the intra-cytoplasmic β-catenin levels rise and with its transposition into the nucleus, the transcription of several genes occur [7] [8] [10] [11] .
The Wnt/Ca 2+ signalling pathway Although β-catenin plays a primordial role in the Wnt signalling pathways, several alternative routes have been described. Considering that Fz receptors are G-protein coupled, this could lead to an interaction with second messenger molecules. The activation of Fz receptors by "non-canonical" Wnts enrolls enhanced activity of inositol-4,5-triphosphate (IP 3 ) and diacyl-glycerol (DAG). Elevated levels of these second messenger molecules result in higher intra-cytoplasmic calcium concentrations. Calcium in relation with calmodulin (CaM) activates the calcium-calmodulin-kinase II (CaMK-II). Calcium could also interact with DAG and IP 3 . On one hand the calcium-DAG complex results in protein-kinase C activation, on the other hand, calcium-IP 3 complex interacts with calcineurin (Can). Subsequently, Can activates nuclear factor associated with T-cells (NFAT), resulting in gene expression in several tissues [12] . Recent findings describe that, despite the current standpoints -that the canonical and non-canonical pathways do not interact and have antagonistic effects -there is a relation between these signalling routes, acting in an interdependent way. Considering that β-catenin, a 92 kDa protein, has limited or no pass through the nuclear envelope due to its size, this limitation could be overpassed by the interrelation of Wnt/β-catenin -Wnt/ Ca 2+ pathways. The increase of intra-cytosolic Ca 2+ could possibly lead to nuclear barrier depolarization and subsequent β-catenin translocation into the nucleus [13] . The relation between these is also emphasized by the activation of Nemo-like kinase (NLK) by Ca 2+ signalling, which hereinafter phosphorylates T-cell factor (TCF), thus acting like an inhibitor for the β-catenin activity [7] .
Wnt/JNK pathway
The Wnt/JNK (Jun-N-terminal kinase) or PCP (planar cell polarity) pathway involves also the action of Dsv proteins, mainly its PDZ, DEP domains, which is capable to activate on a downstream route rhoA or cdc42 (cell division cycle protein). Wnt activation of Fz receptors results in a complex formation between Dsv and Daam-1 (Dishevelled associated activator of morphogenesis 1). This complex subsequently activates Rho-GTPases via WGEF (Rho-guanine exchange factor). This leads to the activation of ROCK (rho-associated kinase), resulting in phosphorylation of the myosin light chain, thus creating the interaction between actin and myosin, leading to the disruption of the cytoskeleton's integrity. Alternatively, the activation of Dsv DEP domain results in Rac-GTPase activation. These GTPase type proteins subsequently activate JNKs [7, 14] . Among these JNK1 and JNK2 are ubiquitously present, whereas JNK3 is expressed mainly in the brain. Various types of proteins are targets for the JNKs, mainly transcription factors, which are responsible for cell proliferation or cell apoptosis (ATF2 -activating transcription factor 2; Bcl-2 protein -B-cell lypohoma-2; BAD -Bcl-2 associated death promoter) [15] . Interactions between the JNK and β-catenin pathways have also been described. Activation of Rac1-GTPase and JNK2 could result in the phosphorylation of the free intra-cytoplasmic β-catenin, thus intensifying its translocation in the nucleus [9] .
Regulation of the Wnt signalling pathways Although β-catenin plays a primordial role in Wnt signalling, several ligands with regulatory activity are known to influence the previously described pathways. Norrins, are proteins with a cysteine-knot motif, with special affinity to Fz4 receptors and LRP5 as co-receptors, and activate the canonical Wnt signalling pathways. The activity of Norrins was described in the vascular development in the eye, ear, brain and female reproductive organs [16] . The proteins of the R-spondins (RSPO) family have 234 to 272 amino acids and present the following domains in their structure: an N-terminal putative signal sequence for secretion, a thrombospondin type I repeat (TSR) domain, a variable length domain, rich in basic amino acids and a furine-like CRD. RSPOs are also considered as Wnt agonists, as they activate the β-catenin signalling pathway, however RSPOs may have different receptors as Wnts [17] . Recently, the presence of leucine-rich repeat containing Gprotein-coupled receptors (LGR) has been described. The activation of these receptors could lead to an enhanced and more potent activity, showing synergy with the β-catenin and PCP pathways [18] . RSPOs are potential ligands for the Kremen (Krm) receptors, acting like competitive an- tagonist for Dickkopfs (DKK), therefore inhibiting the formation of DKK/Krm complex [9] .
Soluble Frizzled-related proteins (sFRP) are antagonists of the Wnt signalling pathways. They form complexes not only with Wnts, but also form non-functional complexes with Fz receptors. This results in an inhibitory mechanism for the β-catenin and/or PCP pathways. It has also been described that sFRPs do not always act like antagonists, as in some cases activation of Wnt signalling could be promoted. This could be explained in such a way that sFRPs have low-and high-affinity binding sites for the Wnt proteins. When binding to the low-affinity site, sFRPs behave as inhibitors, contrarily, binding to the high-affinity site they would behave as activators [19] .
WIF (Wnt inhibiting factor), unlike sFRPs binds only to the Wnt proteins, exerting an inhibitory effect on the canonical, as well as on the non-canonical pathway. Beside this, WIF has the potential to modulate and regulate extracellular proteins which are implicated in Wnt signalling.
Members of the Dickkopfs (DKK) family are considered as specific Wnt pathway inhibitors. DKKs are competitive antagonists of the LRP receptors and in this way inhibit the formation of the Fz-LRP complex. It is also believed that DKKs could disrupt the Wnt-Fz complex. Besides, DKKs have the potential to bind to Krm receptors, behaving as agonists. Krm receptors provide the internalization of the LRP receptors and prohibit the possibility of Fz-LRP receptor formation [9] .
Other inhibitory mechanisms in the Wnt signalling are represented by Shisa proteins, which suppress Fz receptor docking to the cell membrane, by trapping the receptors inside the endoplasmic reticulum. Cerberus, Nodal, bone morphogenetic protein (BMP), insulin-like growth factor binding protein (IGFBP-4) inhibit Wnt and both Fz and LRP receptors [9] .
Wnt ligands in bone metabolism and fate Several Wnt ligands are implied in osteoblastogenesis. Wnt1 was shown to enhance β-catenin mediated osteoblast formation, by an endogenous phosphorylation of GSK-3β via G-protein coupled Fz receptors and LRP 5 or LRP 6 co-receptors, which leads to an increased β-catenin activity. Furthermore, it was elucidated that the enhanced activity of the Wnt canonical pathway results in an expressed Runx2 downstream regulation [20] . The downstream osteoblastogenetic and mineralization enhancing properties of Wnt1 were also described in Wisp1 -/-mice. Wisp1/CCN4 (Wnt1-inducible signalling pathway protein 1/connective tissue growth factor) induces mesenchymal stem cell differentiation and osteoblast proliferation and maturation in the detriment of chondrocyte differentiation. It was also described that Wisp1 interacts with BMP-2 having a positive effect on osteogenesis. Wisp1 proved to be a key regulator of bone turnover and Wnt signalling, resulting a significantly lower bone mass, with diminished biomechanical strength in Wisp-1 knockout mice [21] [22] [23] . Wollnik et al. recently reported that different mutations, hypofunctional alleles of Wnt1 may lead to osteogenesis imperfecta, or low-bone-mass phenotype which predisposes to an early-onset of osteoporosis. These altered molecular changes in Wnt1 protein result in a loss of activity over LRP5-receptor mediated β-catenin signalling [24] . Similar mutations were identified by other research groups in families with hereditary early-onset osteoporosis and osteogenesis imperfecta [25] . Okamoto et al. demonstrated the importance of non-canonical Wnts during osteoblastogenesis. In calvarial cell cultures increased levels of mRNA expression of Wnt5a and Wnt10b were observed, but not Wnt7b. Furthermore, it was described that Wnt5a, as a non-canonical Wnt ligand, induces the expression of LRP5 and LRP6 receptors during osteoblast differentiation, thus being implied in Wnt/β-catenin dependent, canonical stimuli of osteoblasts [26] . Contrarily, Chen et al. described that Wnt7b is involved in bone formation via mTORC1 (mammalian target of rapamycin complex 1) activation. The bone formation activity of Wnt7b was assessed by the measurement of serum osteocalcin levels, which appeared to be significantly higher in comparison to the control group. Also, CTX-I (C-terminal telopeptide) levels showed a similarity with the control group in two months old mice [27] . Wnt11 and Wnt16 are also key regulators of bone homeostasis. Wnt11 acts through the activation of R-spondin2, a known activator of the Wnt signalling. Moreover, Friedman et al. demonstrated enhanced alkaline phosphatase activity in murine pre-osteoblasts under Wnt11 + over-expression. Wnt11 also proved to be a potent enhancer of BMP2-induced osteoblast maturation and mineralization [28] . Wnt16, known as an activator for both canonical and non-canonical Wnt signalling, has a great role in bone thickness and porosity modulation, interestingly not affecting in a significant manner osteoblast differentiation, proliferation and maturation, contributing modestly to bone homeostasis. Altering the RANKL/RANK/OPG triad, Wnt16 contributes to an OPG over-expression, potentiating the inhibition of RANKL-induced osteoclastogenesis, interfering with osteoblast-to-osteoclast cross talking [29] .
Wnt signalling and autophagy in bone Autophagy is one of the cell's novel described fate mechanisms, involved in tissue regeneration and recycling of molecules of key importance in cell metabolism (macromolecules and eventually organelles). Onal et al. reported that autophagy suppression in osteocytes results in decreased bone mass and bone turnover in mice and proves to contribute to the state of oxidative stress, thus resulting in a process similar to ageing in bone tissue and skeleton. Sustaining evidence was published by Nollet et al., demonstrating that impaired autophagy in osteoblasts and the environmental oxidative stress may lead to an enhanced osteoclastogenesis via TNFSF-11 activation (RANKL) and leading to osteoporotic-like phenotype [30, 31] . Autophagy negatively alters the Wnt/β-catenin cascade by promoting the degradation of all three isoforms (Dsv1, Dsv2 and Dsv3) of docking protein, Dishevelled. This attenuation in the Wnt signalling was reported by Gao et al. in autophagy-deficient cells (Atg5 -/-and Atg7 -/-). It was also shown that inappropriate autophagy mechanisms lead to a slower turnover rate of all Dsv members [32] .
Molecular targets in Wnt signalling
Sclerostin (Wise/SOST) is an osteocyte-expressed glycoprotein, inhibiting the bone forming activity of osteoblasts, by interrupting the Wnt signalling. SOST selectively inhibits the interaction between the Fz and LRP5 or LRP6 receptors by binding through a PNAIG motif to the receptor complex and disrupts its functionality. From the beginning of the millennium SOST has been one of the promising targets for the treatment of osteoporosis. As SOST is not ubiquitously expressed, its effects are only limited to bone metabolism; thus its inhibition using targeted monoclonal antibody therapy, will not result in systemic effects as in the case of other antagonists of different Wnt inhibitors [34, 35] . Sclerostin being a physiological antagonist of osteoblast operated bone matrix formation, osteoporosis can be treated by its neutralization using monoclonal antibodies. Several antibodies were already developed and are currently in clinical studies, such as blosozumab, which is described as an immunoglobulin G4 (IgG4) protein, or romosozumab, formally known as AMG785 [36] . Blosozumab is a humanized monoclonal antibody targeted against sclerostin, which in phase II clinical trials produced significant changes in postmenopausal women, mostly in lumbar spinal and hip bone mass density (BMD). Romosozumab, similarly to blosozumab is a monoclonal antibody that inhibits the effects of the sclerostin, increases osteoblast mediated bone formation and decreases the intensity of bone resorption. In a study made by Cosman et al., after 12 weeks of treatment with romosozumab followed by another 12 months with denosumab (monoclonal antibody targeted against RANKL), postmenopausal women with osteoporosis had a 73% lower risk of vertebral fracture in comparison to the control group. Romosozumab increased BMD T score of the lumbar spine and the hip bone after 6 months of treatment, while after 12 months the increase was even more significant [37] . In another study made by Sugiyama et al. made upon romosozumab and blosozumab, there were no significant changes in the areal BMD of the radius bone which reflects that the forearm is not exposed to high levels of mechanical strain under normal physical activity and therefore the anti-sclerostin antibodies could not increase the strength and density of the bones which are not exposed to stress and strains within the skeleton. The treatment with anti-sclerostin antibodies also has its limitations, in both cases postmenopausal women's increased areal BMD returned to the pre-treatment levels within a year despite the continued therapy with romosozumab or blosozumab [38] .
DKK-1 is the most studied protein of the four members of the DKK family (DKK-1 to DKK-4). DKK-1 is a secreted antagonist of the Wnt/β-catenin signalling, which inhibits the Wnt-induced stabilization of β-catenin and β-catenin/Tcf-dependent transcription by binding to LRP 5 or 6. Besides this blocking mechanism, DKK-1 also has effects on the Wnt/LRP6 signalling by disrupting it and promoting endocytosis via Krm-1 and Krm-2. BHQ880 is an anti-DKK-1 monoclonal IgG1 isotype antibody developed for the potential treatment of multiple myeloma (MM) produced osteolytic bone fractures, where the neutralizing effect of the antibodies could readjust the disrupted balance between bone formation and bone resorption. The drug encoded BHQ880, in vitro increased the osteoblast differentiation and serum human osteocalcin levels, neutralized the negative effects of MM cells on osteoblastogenesis, reduced interleukin-6 (IL-6) secretion, and in addition up-regulated β-catenin levels and downregulated nuclear factor-κ B (NF-κ B) activities in bone marrow stromal cells [39, 40] . In a preclinical model study published by Goldstein et al, BHQ880 reduced DKK-1 serum levels in treated mice with orthotopically implanted patient-derived osteosarcoma tumours, slowed the growth of the tumours and inhibited metastasis by neutralizing the DKK-1 protein, which is overexpressed by these cells. The positive effects over the tumorous cells were correlated with increased β-catenin levels and increased expression of the bone differentiation marker osteopontin, which altogether suggests that Wnt signalling has antitumorigenic effects [40] .
PF-04840082 is a humanized prototype anti-DKK-1 IgG2 isotype antibody for the potential treatment of osteoporosis that binds the physiological antagonist of the Wnt/LRP5 signal pathway, therefore increasing bone mass and BMD by activating osteoblasts. In 2010 Betts et al. published a study about the pharmacokinetic/pharmacodynamic modelling of the antibody in concordance to dose and effect that shows significant decreasing in free DKK-1 concentrations in rats and cynomolgus monkeys, with a proper safety and efficiency interval that can be transposed to humans, making it a potentially effective biological drug after furthermore preclinical and clinical studies [41] .
Many antibodies that bind and neutralize either sclerostin or DKK-1 are in preclinical or clinical trials making them a potential treatment for postmenopausal osteoporosis and MM induced disease in the future. Anti-sclerostin and anti-DKK-1 antibodies have the potential to improve BMD T score, fracture healing via increased bone formation. However anti-sclerostin treatment alone is currently not enough, patients presented a relapse in BMD levels after a year despite the still undergoing therapy with the antibodies [38, 42] . Therefore Florio et al. hypothesized that blocking both proteins at once with one antibody, this could further increase Wnt signalling, resulting in a more robust effect on bone formation and repair. Their results show that the simultaneous inhibition of sclerostin and DKK-1 by the newly engineered bi-specific heterodimer IgG antibody promotes synergistic bone formation in mice. The inhibition alone of sclerostin leads to increased DKK-1 levels, which act as a negative regulator upon the bone formation, reducing the administered anti-sclerostin antibody's effects. The inhibition of either one of them may stimulate compensatory mechanisms that would rise the other antagonist levels in order to return the Wnt signalling in a steady state, making the dual inhibition a more proper treatment of osteoporosis in the future [42] .
